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2To increase the moisture stability of hybrid perovskite photovoltaics, a combination of three-
dimensional (3D) and a thin layer of two-dimensional (2D) perovskite incorporating long-
chained organic cations is often employed as photoabsorber. However, the detailed interaction 
between water and 3D\2D perovskite heterojunctions has not been elucidated yet. Using in-situ 
neutron and X-ray scattering techniques, we reveal surprisingly strong water uptake into 3D\2D 
perovskite films despite the presence of hydrophobic bulky cations. Our results show rapid 
disproportionation of the initial 2D phase (number of layers m = 5) in methylammonium lead 
iodide (MAPI)\2D films into lower-m phases under humidity. Nevertheless, the 2D perovskite 
inhibits the irreversible PbI2 formation, which suggests that the suppression of I- and MA+ ion 
migration and consequently of MAI escape is related to the improved moisture stability of 
MAPI\2D perovskite films. In comparison, quadruple-cation perovskites including Rb+ exhibit 
poor stability towards phase segregation upon exposure to moisture regardless of the 2D 
perovskite layer. 
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3Within only a few years of development, hybrid perovskite solar cells have advanced to one of 
the most promising candidates for third generation photovoltaics. Research activities have been 
strongly focused on boosting the power conversion efficiency (PCE) of perovskite-based devices 
by continuously improving fabrication processes.1 Especially the deposition of perovskite thin 
films has been optimized through a deeper understanding of the perovskite crystallization 
mechanisms and by gaining control over the film morphology.2–4 Additionally, tuning the 
optoelectronic properties of the perovskite light absorber by compositional engineering has 
yielded devices with PCEs well above 20 %.5 Following this substantial progress in device 
fabrication, recent research activities are shifting towards upscaling device production techniques 
and overcoming stability issues to enable imminent commercialization of perovskite 
photovoltaics.6,7
However, the interplay of environmental stress factors such as light, oxygen, heat, and moisture 
can deteriorate the perovskite material and therefore device performance.8–11 In particular, the 
sensitivity of hybrid perovskites towards humidity can lead to rapid degradation of the 
photoactive material upon exposure to moist air with a relative humidity (RH) above 
50 %RH.12,13 In order to improve the moisture stability of perovskite solar cells, rationally 
selected additives to the perovskite composition or materials forming a functional moisture 
barrier have been explored.11,14 Among the additives, long-chained NH3+-terminated organic 
cations that form layered structures separating the perovskite crystal along certain 
crystallographic planes has raised considerable attention. The resulting two-dimensional (2D) 
perovskite shows increased moisture stability compared to their conventional three-dimensional 
(3D) counterpart.14–17 We have demonstrated a device architecture comprising a mixed-
dimensional perovskite/perovskite heterojunction, where a thin functional layer of 2D perovskite 
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4was formed on top of a 3D perovskite CH3NH3PbI3 (MAPI) film through a facile cation 
infiltration process.18 As opposed to other approaches using mixed-dimensional perovskites that 
have been adopted to simultaneously enhance moisture resistance and solar cell performance,19–
22 the advantage of the 3D\2D heterojunction architecture is that only the surface of the light-
absorbing perovskite layer is altered while the optoelectronic properties of the bulk film are not 
impaired. The 3D\2D perovskite heterojunction device retained almost full functionality after 19 
days at 75 %RH in air, verifying significantly higher moisture stability than MAPI samples. By 
controlling the thickness of the 2D perovskite layer, a maximum PCE approaching 17 % with a 
high open-circuit voltage of 1.11 V was achieved.18 However, a real-time tracking of the film 
properties in 3D\2D perovskite heterojunctions upon exposure to humidity is necessary to 
understand the improved stability of these intricate systems and to tailor even more robust 
perovskite solar cells.
In this work, we shed light on the role of low-dimensional perovskites as a humidity barrier in 
3D\2D perovskite heterojunctions. We employed in-situ grazing-incidence small-angle neutron 
scattering (GISANS) and in-situ X-ray diffraction (XRD) which allow us to monitor the impact 
of humidity on different 3D\2D perovskite thin films.13 Grazing-incidence scattering methods 
have the advantage of being non-destructive while yielding a statistical average over sample 
areas comparable to typical device sizes.23 Thus, we gain new insights into the time-dependent 
evolution of film density and morphologies under highly humid conditions, complemented by 
XRD measurements to identify changes in crystal structures and phase compositions.
Results and Discussion
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5Our experiments have been conducted on the perovskite system demonstrated in our earlier 
work, namely MAPI films with and without a 2D perovskite top layer of (PEA)2(MA)4Pb5I16 
(m = 5 PEAMAPI), where PEA+ stands for the bulky organic cation phenylethylammonium.18 
The 2D perovskite layer was formed by spin-coating an isopropanol solution containing the 
iodide salts PEAI and MAI on top of MAPI films. 10 mM PEAI:MAI solutions were used for the 
2D perovskite formation since this additive concentration previously resulted in the best moisture 
stability and also device performance.18 Additionally, we extend this study to the more complex, 
quadruple-cation system incorporating formamidinium (FA), methylammonium (MA), rubidium 
(Rb) and cesium (Cs) cations, which is referred to as FAMARC in the following. As reported in 
the literature, this state-of-the-art 3D hybrid perovskite reaches PCE >21 % but shows stronger 
sensitivity to moisture.5,24 The 2D perovskite layer on top of FAMARC films was created by 
using the same solution treatment as for MAPI. More details about the sample fabrication are 
given in the Supporting Information.
GISANS experiments were performed at beamline D22 of the Institut Laue Langevin (ILL) in 
Grenoble, France.25 A detailed description of the neutron scattering experiment is found in the 
SI. The reduced scattering data obtained from static GISANS measurements of the dry samples 
is depicted in Figure 1a and gives insight into the film composition by analysis of the material 
specific Yoneda peak:13 Although the obtained signal has a strong contribution from the Yoneda 
peak of the silicon substrate (αc = 0.279°), the intensity at αc = 0.169°  in the dark green line can 
be attributed to the MAPI perovskite film (red pyramid). The additional 2D perovskite layer in 
the MAPI\2D heterojunction (light green line) leads to a signal broadening towards lower exit 
angles αf. The gray triangle indicates the theoretical Yoneda peak position of a dense PEAMAPI 
(m = 5) film; in reality, the reduced density of the upper 2D layer due to crystalline disorder 
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6shifts this further to the left, whereas lower-m species would be found at slightly higher αf. The 
same feature is identifiable in Figure 1d for the FAMARC (orange line) and the FAMARC\2D 
(red line) samples; due to the bigger difference in critical angles between the 3D and the 2D 
perovskite, the peak broadening is even more severe than in the MAPI systems. As the exact 
material composition of the 2D “PEAFAMARC” compound is difficult to identify, we use the 
position of PEAMAPI (gray triangle) as a reference here. More information on GISANS data 
treatment and an overview over the materials’ critical angles is given in the Supporting 
Information (Table S1).
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7Figure 1. (a) Vertical line cuts of the static GISANS data summed up to a total of 30 min 
integration time, corresponding to the initial dry state of the MAPI (dark green) and MAPI\2D 
(light green). The sample horizon appears at αf = 0° and the specular peak at the incident angle of 
αi = 0.475°. The theoretical Yoneda peak position of MAPI is indicated by a red pyramid, the 
one for PEAMAPI (m = 5) by a gray triangle. (b) Vertical line cuts from individual frames of the 
in-situ GISANS measurements (10 min integration time per frame), showing the evolution of the 
MAPI perovskite film from the initial state before exposure to 90 %RH, and (c) the respective 
cuts corresponding to the MAPI\2D film. (d) Vertical line cuts of the static measurements on 
FAMARC (orange) and FAMARC\2D (red) with 30 min integration time. The theoretical 
Yoneda peak position of FAMARC is indicated by a red triangle. Due to the high complexity of 
the PEAFAMARC compound, the PEAMAPI (gray triangle) is shown as reference for 2D 
layers. Respective cuts of the in-situ GISANS data with 10 min integration time are shown in (e) 
and (f). More details can be found in the Supporting Information Table S1.
Each static GISANS measurement was followed by a kinetic GISANS measurement where we 
injected heavy water (D2O) into a basin inside the experimental chamber (as deuterium has a 
good contrast to the other elements involved) and monitored the impact of moisture on the 
perovskite films in situ.26 As shown in Figure S1, the humidity level was rapidly increasing after 
water injection and the air humidity was stabilized after 2 h well above 90 %RH. Vertical line 
cuts (with respect to sample surface) performed on the kinetic GISANS data for each sample are 
presented in Figure 1b-c for the MAPI-MAPI\2D system, and in Figure 1e-f for the FAMARC-
FAMARC\2D system. 
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8Upon exposure to the high humidity level, the intensity around the Yoneda peak significantly 
increases for the MAPI sample (Figure 1b). As the data is normalized to the neutron flux, this 
can be interpreted as an incorporation of trace amounts of D2O into the MAPI perovskite film, 
and thus the increased scattering cross section leads to a higher intensity. This is further 
experimental proof of the fast water infiltration into the MAPI film as hypothesized earlier by 
Müller et al.:27 The authors found that small gas molecules (like H2O or O2) can migrate into the 
perovskite film even without significantly disturbing the crystal lattice, and in the case of water 
without the formation of perovskite hydrates. These findings are in accordance with theoretical 
predictions,28 and with our previous thermogravimetric water adsorption measurements at low 
humidity.13 In earlier GISANS experiments, we studied highly porous MAPI films obtained from 
a two-step deposition method and assigned a shift of the Yoneda peak to water uptake into the 
perovskite film up to 50 vol%.13 In this study, the perovskite films resulting from the anti-solvent 
method are dense and less rough as evidenced by scanning electron microscopy (SEM) images in 
Figure S6a-b. Therefore, only a small amount of D2O is adsorbed at the perovskite crystal 
surfaces, which fits well with the presented GISANS data in Figure 1b and demonstrates the 
relation between perovskite crystal morphology and moisture stability. A comparison of the 
beginning and the end of the in-situ GISANS data, however, indicates slight changes in film 
density due to water uptake which is supported by XRD data discussed later (see Figure S2).
By contrast, Figure 1c reveals significant water uptake into the MAPI\2D perovskite 
heterojunction film accompanied by a change in crystal density as indicated by a simultaneous 
intensity increase and shift of the Yoneda peak. In fact, this is astonishing, since 2D perovskites 
have been repeatedly reported as an effective moisture barrier due the hydrophobicity of the 
incorporated bulky organic cations such as PEA+ or butylammonium.15,29 However, our GISANS 
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9results suggest that solely the presence of a 2D perovskite top layer does not completely hinder 
the ingression of water molecules into the perovskite films. 
As crystal morphology of MAPI films can severely affect the amount of water uptake into the 
perovskite layer, we investigated the change in compactness and roughness of MAPI films upon 
formation of the PEAMAPI using higher concentrations of the PEAI:MAI solution and reduced 
rotation speed during the spin-coating process. Atomic force microscopy (AFM) images of the 
different MAPI\2D perovskite samples (Figure S3) show that the root-mean-square roughness 
(Rrms) of the resulting 3D\2D perovskite films increases with increasing PEAI:MAI 
concentration likely due to anisotropic growth of the 2D phase.30 In fact, grazing-incidence wide-
angle X-ray scattering (GIWAXS) experiments on 3D\2D heterojunction films corroborate this 
assumption indicating less pronounced crystal orientation for higher ion concentrations (see 
Figure S4) which proves that the accelerated film degradation is a result of the increased film 
roughness.18 
In comparison, the Yoneda peaks of the FAMARC and FAMARC\2D samples both exhibit a 
shift and an increase in intensity over time, as presented in Figure 1e-f, indicating significant 
water uptake after exposure to >90 %RH. Also here, the 2D perovskite treatment does not 
prevent the ingression of water molecules and a reduction of crystal density. We note that the 
changes in the Yoneda peak for FAMARC cannot be simply attributed to poor film quality with 
non-uniform, less densely packed crystallites, since FAMARC and MAPI have similar 
microscale morphology as shown by SEM images (Figure S6). However, Rb+-containing 
multiple-cation mixed-halide perovskites has been shown to suffer from rapid phase segregation, 
particularly under humid conditions.24 The changes in the Yoneda peak position for FAMARC 
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10
and FAMARC\2D are therefore likely related to the moisture-induced segregation of Rb-rich 
side phases which have a lower density than the perovskite phase.
We again want to highlight the potential of neutron scattering to detect this high water uptake 
regardless whether the water molecules are incorporated into the crystal structure or merely 
adsorbed on the crystal surfaces.13 Additionally, in-situ GISANS experiments also allow us to 
monitor the evolution of crystal domain sizes by analysis of horizontal line cuts.13,23,26,31 The 
structures in the pristine MAPI film seem hardly affected by the exposure to moisture in the 
investigated timeframe. While the structure associated with the 2D layer changes strongly in the 
3D\2D heterojunction, the protection of the underlying MAPI film appears to be effective. The 
changes in the FAMARC and FAMARC\2D samples are even more severe, indicating strong 
moisture-induced morphological changes. More details can be found in the Supporting 
Information (Figure S7).
In order to correlate the humidity-induced changes in crystal density and domain size with 
changes in the crystal structure and phase composition, we complemented our GISANS 
measurements with in-situ XRD measurements. Figure 2 shows the evolution of the XRD 
patterns and the peak assignment for all crystal phases found in each perovskite sample. In the 
MAPI film, the emergence of an additional diffraction peak at 2 = 12.7° indicates the formation 
of PbI2 already after 20 min exposure time (Figure 2a). After 120 min, the main peaks of MAPI 
monohydrate (CH3NH3PbI3 • H2O) at 2 = 8.5° and 10.5° emerge and the diffraction peaks of 
both degradation products continue to rise, while the MAPI (110) signature at 14.2° gradually 
diminishes by 98%.12 In contrast, the initial MAPI\2D sample features an additional peak at 6.5° 
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11
which we previously assigned to the (006) reflection of m = 5 PEAMAPI phase (Figure 2b).18 
This 2D perovskite peak disappears within 20 min and a broad peak in the low angle region 
appears instead. Two peaks eventually emerge at 2 = 3.1° and 4.0°, that can be assigned to 
m = 3 and m = 2 PEAMAPI phases, respectively. After 180 min, reflections at 8.0°, 8.5° and 
10.5° indicate the formation of the monohydrate.12 However, traces of crystalline PbI2 are 
negligible in the MAPI\2D film even after 300 min and the main MAPI reflections retains 44% 
of its initial intensity. The apparent loss of intensity of the MAPI (110) reflection might be 
connected to a loss of preferential crystal orientation in the 2D layer due to the formation of 
lower-m compounds,18 and the formation of monohydrate phases at later stages of the 
experiment (roughly after 180 min).12 
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12
Figure 2. In-situ XRD patterns of (a) MAPI, (b) MAPI\2D, (c) FAMARC and (d) FAMARC\2D 
thin films exposed to >90 %RH over a period of 300 min. Symbols indicate the positions of 
diffraction peaks assigned to MAPI perovskite (red pyramid), PbI2 (yellow square), MAPI 
monohydrate CH3NH3PbI3 • H2O (blue circle), PEAMAPI (grey triangle: m = 5, light blue 
diamond: m = 3, green star: m = 2), FAMARC (red triangle), RbPb2I4Br (blue hexagon) and 
m = 2 PEAFAMARC (green square). 
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13
In accordance with our GISANS results, the 2D perovskite does not fully prevent the ingression 
of water molecules into the perovskite film. Therefore the monohydrate formation is retarded, 
but not eliminated. The disappearance of the larger domain features observed in the horizontal 
line cuts of the GISANS data matches well with the drastic changes in the initial PEAMAPI 
crystal structure. We can attribute the transformation of the m = 5 into the m = 3 and m = 2 
phases to a disproportionation process upon exposure to moisture. A similar disproportionation 
of the m = 5 n-butylammonium-based 2D perovskite resulting in the formation of the m = 5 
phase and MAPI was suggested by Stoumpos et al.30 Therefore, we propose that the lower-m 2D 
perovskite compounds possess higher thermodynamic stability than the m = 5 phase.
Nevertheless, it is remarkable that the formation of PbI2 is largely suppressed in the MAPI\2D 
sample over the course of the experiment at such high humidity levels. PbI2 formation is 
associated with a disintegration of MAPI through the loss of MAI which can be induced by 
thermal stress or high humidity.8,32 Since MAI further decomposes into volatile species such as 
CH3NH2, HI, I2, NH3 or CH3I (some debate is still on-going about which degradation products 
are actually formed),33,34 the removal of these gaseous species leave crystalline PbI2 behind, 
indicating the irreversible degradation of MAPI. Computational studies by Walsh and coworkers 
have recently indicated that the incorporation of water into the perovskite crystal lattice upon 
hydration leads to significantly reduced activation energy for vacancy-mediated migration of I- 
and MA+ ions.35 This allows ion migration from the bulk to the perovskite crystal surface which 
is necessary for the escape of volatile MAI-based species. Hence, the suppressed PbI2 formation 
in MAPI\2D films can be interpreted as suppressed I- and MA+ ion migration through the 
presence of bulky PEA+ cations in the 2D layer, protecting the perovskite from irreversible MAI 
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14
loss. Our results are in excellent agreement with experimental studies by Lin et al.36,37 The 
authors found that butylammonium cations in 2D perovskites increase the potential barrier for 
ion migration towards grain boundaries and crystal surfaces, resulting in enhanced thermal 
stability of 2D/3D stacking structures compared to their 3D counterpart MAPI. Figure S8b does 
not show any crystalline PbI2 after drying the MAPI\2D film which we see as further proof that 
the I- and MA+ ions do not escape the film and thus the recovery of 2D and 3D perovskite phases 
from the monohydrate phase is possible.
In contrast to irreversible MAI loss and concurrent PbI2 formation, the monohydrate formation in 
MAPI can be fully reversed by removal of the incorporated water molecules under low humidity 
conditions.12,13 To verify the reversibility of the hydration process, we exposed the MAPI and 
MAPI\2D perovskite films after 300 min at >90 %RH to a mild under-pressure for 20 min. XRD 
measurements (Figure S8) show that although the perovskite phase is recovered from the 
monohydrate phase after the dehydration step, a notable PbI2 peak in the dehydrated MAPI film 
indicates a partially irreversible degradation process. The increased intensity of the (110) and 
(220) MAPI peak at 2 = 14.2° and 28.4° upon the hydration/dehydration cycle shows a higher 
preferential orientation along these crystal planes, induced by a moisture-induced 
recrystallization process.4 Interestingly, the dehydrated MAPI\2D film exhibits sharp m = 2 and 
m = 3 PEAMAPI reflections besides recovered MAPI peaks, but no traces of PbI2 can be found 
(Figure S8). Our results demonstrate that even under harsh humidity conditions above 90 %RH, 
the presence of the 2D perovskite PEAMAPI inhibits the irreversible escape of MAI from the 
perovskite film for several hours.
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15
Figure 3. Model of the proposed humidity-induced mechanism in MAPI\2D heterojunctions in 
contact with water molecules: (a) The 3D perovskite film is covered by sheets of layered 2D 
perovskite (m = 5) which serves as a barrier for a stepwise ingress of water molecules. (b) 
Disproportionation of m = 5 PEAMAPI into MAPI and more stable m = 3 or m = 2 2D 
perovskites which obstruct the diffusion paths and loss of I- ions (violet circles) and MA+ ions 
(green circles) and thereby the irreversible degradation of the 3D perovskite to volatile 
compounds and PbI2.
Different from MAPI, FAMARC does not undergo a reversible monohydrate formation at high 
humidity, but rather suffers from rapid phase segregation of a transparent side phase with the 
proposed composition RbPb2I4Br.24 The XRD patterns of the in-situ measurements presented in 
Figure 2c confirm the emergence of the typical diffraction peaks of RbPb2I4Br at 2 = 11.4°, 
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22.8° and 34.5° already after 10 min exposure time. The peak intensities for both FAMARC and 
the Rb-rich side phase increase with time, but no PbI2 or hydrates are formed. The FAMARC\2D 
film (Figure 2d) exhibits additional diffraction peaks at 2 = 4.0°, 8.0°, 12.0° and 15.9° which 
can be assigned to the (00l) reflections of an m = 2 “PEAFAMARC” phase under the assumption 
that the dimensions of the organic PEA+ interlayers and the perovskite interlayers do not 
significantly differ from those in PEAMAPI. Interestingly, the intensities of the 2D perovskite 
peaks increase while their positions remain the same over the whole period of 300 min, 
suggesting that there is solely an increase in crystallinity or orientation, but no disproportionation 
of the 2D layer as found for the MAPI\2D sample. In addition, the formation of the RbPb2I4Br is 
decelerated and the corresponding reflections arise after 60 min exposure time. Under 
consideration of our GISANS results, which reveal a significant uptake of water into the 
FAMARC\2D film, we can attribute the retardation of moisture-induced phase segregation rather 
to a suppressed migration of Rb+ and halide ions than to water-repellent properties of the PEA+ 
ligands. However, similar to the PbI2 formation in MAPI, the segregation of the non-photoactive 
RbPb2I4Br phase is irreversible upon dehydration (Figure S8) and has been shown to deteriorate 
device performance.24 Therefore, a slight delay of the phase segregation process might help to 
stabilize the multiple-cation mixed-halide FAMARC perovskite phase on the short term, but the 
2D perovskite layer will not provide sufficient long-term protection from humidity.
In summary, our results suggest that dense MAPI perovskite films can sustain high humidity for 
up to 1 h without formation of significant amounts of degradation products. The stability of an 
otherwise unprotected perovskite/perovskite heterojunction is increased twofold, with the 
additional 2D layer presenting a humidity barrier that has to be overcome by step-by-step 
intercalation of water molecules between 2D perovskite sheets (Figure 3a): The negatively 
Page 16 of 25
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
17
charged oxygen atom of the water molecules interacts with the positively charged end of the 
ligand PEA+, thereby separating the 2D perovskite sheets. Thus, water molecules (or other 
migrating species) make their way layer by layer through the 2D perovskite. As the 2D sheets are 
unprotected, they succumb to the impact of the water molecules and rapidly disproportionate 
from the initially formed m = 5 phase into more stable lower-m 2D perovskites (Figure 3b). 
These can effectively prevent the escape of I- and MA+ ions. 
In conclusion, our in-situ GISANS and in-situ XRD measurements under high humidity levels 
indicate surprisingly strong water uptake into the 3D\2D perovskite film despite the presence of 
hydrophobic PEA+ cations. Rapid disproportionation of the initially formed m = 5 PEAMAPI 
phase into more stable lower-m 2D perovskites occur for the MAPI\2D films, whereas the m = 2 
phase in the fresh FAMARC\2D sample does not undergo any phase changes. Nevertheless, we 
demonstrate that the 2D perovskite layer effectively suppresses the lasting formation of PbI2 in 
MAPI\2D samples, possibly due to reduced migration of MA+ and I- ions to the crystal surface 
and therefore, the irreversible escape of MAI is prevented. The 2D perovskite increases the 
reversibility of the moisture-induced degradation process in MAPI, since the formation of MAPI 
monohydrate is reversible by a simple dehydration step. In comparison, the quadruple cation 
formulation including Rb+ exhibits relatively poor stability towards phase segregation in the 
presence of moisture regardless of the presence of a 2D perovskite top layer. The 2D perovskite 
only retards the water-mediated segregation of RbPb2I4Br from the FAMARC phase, but the 
irreversible formation of this Rb-rich side phase cannot be prevented on a long term. Therefore, 
the strong degradation effects observed for the quadruple-cation compound motivate a rational 
material selection omitting Rb+ from the perovskite formulation.11 Our study contributes to the 
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understanding of the increased moisture stability of 2D perovskites and 3D\2D hybrid 
compounds compared to their 3D counterparts, where suppressed ion migration in 2D 
perovskites could play a more important role than merely the hydrophobicity of organic ligands.
Experimental Methods
Detailed descriptions of the synthesis protocol and the characterization techniques can be found 
in the Supporting Information.
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